I. INTRODUCTION
Despite considerable scholarly effort, no theory has provided reliable predictions of price or output in oligopoly markets. Techniques have not been found which can unravel the complex interdependencies between firms. As long as the consequence of each firm's actions depend in large measure on the unknown reactions of other firms, rational behavior (for the firm) will be difficult to define.
Since an analytic approach has not been fruitful, some researchers have turned to experiments on market behavior. Even under artificial conditions, experiments can provide insights into oligopoly markets. This paper reports an experiment designed to determine the effects of market characteristics on collusion.
Little is known about the quantitative way in which basic market characteristics affect the extent and kind of collusion. In this paper, the level, the dispersion, and the stability of prices and profits will be observed as two market characteristics are manipulated: the number of firms in the market and the amount of information available to each firm. The situation modeled is a pricesetters' market in which cross elasticities of demand are finite; each firm faces a downward sloping demand curve. The market might be regarded as one of firms selling slightly differentiated products or selling to spatially separated customers from different locations. The literature relevant to this type of market is reviewed in Section II. The characteristics of the market are formalized in the following section. Section IV presents the hypotheses to be tested and Section V describes the experimental method. Results of the experiment are *This research was part of a seminar in experimental economics conducted by Dolbear and Lave at Carnegie-Mellon University. presented in Section VI and some implications are discussed in Section VII. The final section presents a summary.
II. PRICE VARIATIONS MODELS OF OLIGOPOLY
Bertrand 1 ridiculed Cournot's 2 choice of quantity as the firm's prime decision variable, claiming price to be more appropriate. However, in Bertrand's noncooperative price setting model, violent shifts in quantity (sold by each firm) follow infinitesimal price changes (under the assumptions of homogeneous products, no spatial competition, and fully informed customers). This knife-edge instability is a result not observed in the world and so suggests a misspecification in the model. Further, it is a rather unfortunate complication for the analysis.
The instability disappears under conditions of (even slightly) differentiated products.3 Instead of specific assumptions about the actions of other firms, Chamberlin and Robinson each constructed a one-firm versus the rest-of-the-market analysis. Each firm has a range of price choice where the violent quantity shifts of the Bertrand model are absent since the differentiated products in the industry dampen interactions between firms. Robinson offered a precise statement of an optimal price solution for the firm in such a market, utilizing monopoly analysis but drawing market resource allocation conclusions.
Chamberlin went further. In addition to the independent, monopolistic sort of solution available to each firm in such a market (even when the number of firms is large) Chamberlin added a solution which makes still greater profits available. The solution requires a degree of (possibly tacit) collusion among a few firms who come to recognize their interdependence in the market. Though rejected by Cournot, the tendency to seek maximum joint profit had been suggested earlier and can be expressed as a Pareto-optimal accommodation among sellers at the expense of unrepresented buyers (who will face higher prices). Chamberlin suggested that a small number of sellers could, without direct collusion, reach the higher price for a cooperative solution.4 of these insights, it is necessary to design the experiment to reflect important features of real markets. Experiments have generally presented only two alternatives to subjects; the market presents many to the firm. Most experiments afford complete information, with consequences of actions already calculated for the decisionmaker; markets may provide a variety of information and calculation opportunities to its participants. Finally, experiments seldom involve more than two parties in the interaction, but markets usually comprise more than two parties. In extending experimental results along these lines, one must be sure that sufficient experimental control is retained.9 We shall discuss the characteristics of real markets which we have attempted to reflect and shall present the market model which underlies this experiment.
In order to achieve cooperation all firms in an industry must realize that collusion is possible and be willing to take the risk inherent in attempting to collude. As the number of firms in a market increases, the probability that these conditions will be satisfied decreases. Two distinct effects might be seen. First, as a given market demand is divided among different numbers of firms, the profit opportunities of each are changed; this is an effect on reward structure. Second, having more firms complicates bargaining and makes tacit agreement more difficult to achieve; this effect may be regarded as behavioral. We wish to examine the latter effect, and one way to do so is to maintain established reward structures. ' In their price-setting experiment, Fouraker and Siegel observed a decrease in collusion as the market was changed from duopoly to triopoly. However, their results could be attributed to structural as well as to behavioral differences in the modified Cournot model. The profit per firm resulting from collusion decreased as the number of firms increased. Also, the relative gains to a single firm from undercutting the market price increased as the number of firms increased. In our experimental design, the rewards for colluding and the inducement to undercut will be the same for all size markets.
Another influence on collusion is the information available to 9. In the controlled experiment every effort is made to control characteristics that might affect the results. Gaming presents a less formal alternative where the richness of the environment might produce more realistic forms of behavior. However, richness and informality usually make the results diffcult to analyze.
1. We must point out that we do not minimize structural effects because we regard them as unimportant. Rather, we simply wish to separate those structural effects from the effects of a number of firms on bargaining behavior. Our attempt to minimize structural effects can be indicated best in the context of the specific model we employ. decisionmakers. Most experiments have provided the decisionmaker with information of his profit possibilities; this information is not routinely available, at least explicitly, in industrial settings. Even further, most experiments present information on the profit consequences of actions of other firms -which suggests they were modeling industries where all cost and demand curves were fully and explicitly known.
In market experiments, making available the cost information within the firm as well as information on other firm's prices and sales seems a reasonable approximation of the information state of most industrial firms. Recent popular discussion of industrial espionage notwithstanding, most firms do not have specific knowledge of competitor's costs. A diversified, multi-product firm can comply fully with disclosure regulations, yet reveal almost nothing about the profit of individual products-the information of interest to competing decisionmakers. There are exceptions. A number of important industries consist of essentially one product firms which all follow the same production and selling techniques and where trade associations provide up-to-date sales information. Here, more complete information may be assumed; each firm may at least proceed on the assumption that others are sufficiently well informed to draw inferences from what one firm does not do, as well as from what it does do. Such an information level may afford greater opportunities to bargain tacitly, and the effect on behavior of greater information is therefore worth examining.
The foregoing observations form the basis of the model to be investigated; they implicitly restrict the possible demand and cost curves and the information to be made available. Products are differentiated and price is the controlling decision variable. Quantity sold by an individual firm (qi) will vary inversely with the firm's own price (pi) and directly with the mean price of other firms (Poi) By resisting independent profit maximizing behavior and cooperating instead at a price above pn, higher profits for each firm can be obtained. To illustrate cooperative behavior, let the ith firm assume that all others will match its price. By substituting pi for Pow in equation (4) Such a price will maximize joint profits and will be called the cooperative maximum, or CM. One of our main interests is to see whether firms tend to pursue either noncooperative or cooperative actions under different experimental conditions. Of course they might reach a compromise price between pc and pn.7
Independent profit maximizing firms are motivated to set price above the average if the average price lies below p" (as defined in equation (6)). If firms act on the assumption that others will cooperate by matching their price increases, on the other hand, they are motivated to increase price only as long as their price is below pc (as defined in equation (8)). Observe that under either motivation, independent or cooperative profit maximizing, firms will never be motivated to price below pfl or above pc. For this reason, we regard the price range between p1 and pc as the "rational" price range.
Enthusiastic bargaining, however, might cause firms to focus on their relative position and give little attention to their current level of profit. Fouraker and Siegel argue that such firms attempt to maximize the difference between their profit and the profits of the rest of the market; firms pursuing this strategy are termed '"rivalistic." If other firms all charge the same price, Po., the rivalistic firm will set its price pi to maximize: Since pr is below pn,8 the rivalistic motive would lead to prices below the rational range. In summary, equation (4) represents profit for each firm in a market model which minimizes structural effects of variations in the number of producing firms in an oligopoly market. It therefore permits study of behavioral effects of changes in N apart from the structural effects on profit consequences which changes in N had in the Cournot model. The model assumes constant costs for producers over the available output range, consistent with businessmen's views of their cost circumstances. Our objective is to explore by controlled experimentation the effects that N and information conditions have on behavior in such a market model. But before describing the experimental procedures and the results, we enumerate the hypotheses which we shall test.
IV. HYPOTHESES
Hypothesis I: The equilibrium market price for all markets will be in the range between the noncooperative profit maximum (NCM) and the cooperative profit maximum (CM1) prices.
We expect for all information states and market sizes that bargaining and learning will be completed in the course of the experiment and that "rationality" will prevail. In the discussion of the experimental design in the previous section, it was argued that a profit maximizing firm would select a price above the average market price if the average market price is below NCM. If all firms behave in this way, the average market price must increase at least to the NCM. Similarly, a colluding industry (cartel) would not select a joint price above CM, since the cooperative maximum offers maximum joint profit. Thus, equilibrium prices should fall into the range NCM through CM.
Hypothesis II: Equilibrium prices and profits will be inversely related to the number of firms in an industry and directly related to the amount of information.
As N increases, effective bargaining becomes more difficult. For large N, one firm's price change will have little effect upon the average market price and (by equation (1) ing a competitor for colluding is more difficult, which makes bargaining more difficult as the number of firms in an industry increases. The second factor, information, should facilitiate bargaining by making more apparent both the opportunities to collude and the resulting rewards.
Hypothesis III: The dispersion of average market price and profits will be directly related to the amount of information and inversely related to the number of firms in the industry.
As hypothesized in II, more bargaining and attempts at collusion are expected as N decreases and information increases. In addition to increasing the probability of effective collusion, increased bargaining should tend to increase the dispersion of average market prices and profits over the NCM-CM range. With fewer attempts at collusion, on the other hand, average market prices and profits should be more concentrated at the NCM.
Hypothesis IV: Stability of market prices will increase with the number of firms in an industry.
The previous hypotheses have identified the market conditions where collusion is to be expected. Collusion is generally unstable in these circumstances. But if subjects reject collusion as being unattractive or unattainable, they would settle at the NCM and the market would become quite stable. Thus, we conjecture that given the same information, the effect of increasing market size (number of firms) would be to increase the stability of market prices (because of the decreasing tendency to collude).
It is more difficult to predict the effect of information on stability. As with market size, one might expect the relation between information and stability to be the reverse of the information-collusion relation. The experiment encompasses only a small number of trials, however, and other effects might intrude. For example, under conditions of limited information, subjects will be attempting to learn more about the underlying structure of demand; they might experiment more in order to learn. As a result, markets with incomplete information might be less stable than markets of the same size with more information. Because of such conflicting effects, no hypothesis is offered about the effect of information on stability.
V. PROCEDURE
The subjects were recruited from sophomore economics classes at the Carnegie Institute of Technology. They were told they could volunteer for an experiment on market structure in which they might earn $2.00 or more. To mitigate the effects of information leakage, a number of different experiments were run at about the same time. Subjects were informed that a number of different experiments were being run and that telling friends about their experiment could lead to confusion and loss of money for the friend. There was no evidence that a subject knew about an experiment before he participated.
As each subject arrived, he was given an instruction sheet, the profit matrix which was relevant to his particular experiment, a decision sheet on which to record the prices which he chose and an explanation sheet on which to record the reasons for his choice. Subjects were assigned to industries at random.
Incomplete information: For this information state the relevant profit matrix, which relates price and quantity sold to profit, is shown in Table I . Note that the table embodies a cost curve and simply relates the profit to be gained by selling a particular quantity (determined by the experimenter) when a particular price is chosen (by the subject). The subject was told that, for any period, the lower his price and the higher his competitors' prices, the more he would sell. Thus, in effect, the subject knew his own cost functions, that the cross elasticity of demand was finite, and that his demand curve was downward sloping.
Complete information: In this case the subject was given the matrix shown in Table II which relates profits to his price and the average price of the competitors. The subject was told that his competitors) had the same profit matrix. Thus, in effect, the subjects knew the precise structure of the industry demand and the competitors) cost function. For any set of prices, they were able to compute the profits for each firm in the industry. Table I was derived from equation (3) which specified the cost curve of the firm. To construct the table, fixed cost was taken to be 15 and marginal cost was taken to be 6. Table II is derived from equation (4) which specifies the profit of the firm. The parameters used for derivation of the table were a = 42/9, b = 1/9, c = 2/9, f = 15 and v = 6 (note that the table is in 1/6 units). Since both tables were expressed in integers, rounding was necessary. In deriving the tables, an (only partially successful) attempt was made to preserve the underlying structure of the equations in spite of the rounding. Using the parameters specified, pc = 24, pa = 18, and pr = 15. Due to rounding, the table reflects values of pC = 23, p" = 18, and pr = 16.
The instruction sheet explained how to use the profit table (Table I or II) and noted that the subject was playing opposite another person (or persons) in the room, although he would never learn the identity of his competitor(s). In all experiments he was told the number of competitors in his market. In addition to these sheets, the subject was given a tray containing $1.50 in change. He was told that this money represented a loan from the bank with which to begin the experiment; the loan was to be repaid at the end of the experiment. His remuneration would consist of his profits in the game. As can be seen from the profit matrixes, earnings could be quite large and subjects seemed to be well motivated by the earnings per trial period. Earnings averaged $2.73 per subject.
All experiments (whether information was complete or incomplete) were conducted with the same procedure. Initially, each subject chose a price, recorded this price on the decision sheet, and then wrote a brief explanation while the decision sheets were collected. The experimenters entered the quantity sold, the resulting profits, and the price(s) of the other firm(s) in the industry on the decision sheet before returning it to the subject.9 Each subsequent trial was conducted in the same way.
In all, a total of ninety subjects participated in the experiments. There were six industries with two firms, three with four firms and one with sixteen firms, all with incomplete information.' There were also twelve markets with two firms and six with four firms, all with complete information. (The number of markets in each category may be seen in Table III .) The instructions noted that there would be a large number of trials and the decision sheet contained space for thirty-two trial periods. In each case, fifteen trials were conducted. (The experiments lasted about ninety minutes.)
VI. RESULTS
Market conditions rarely allow oligopolies long periods of stability which would allow convergence to a stable equilibrium. Instead, one might imagine firms having enough information to predict the general reactions of their competitors and having enough time before some shift (such as a change in demand, a new product or technological change) to establish a tendency toward 9. For the industry with the sixteen firms, only the average market price was recorded -not the entire set of fifteen prices of the competitors. 1. Actually there were seven markets with two firms and incomplete information. The comments of one subject indicated he had misunderstood the experiment, so his market was deleted. competition or collusion. Thus, one might argue that experiments should not be so long that equilibrium is obtained. Moreover, experiments must come to an end, and subjects generally perceive about when the end will occur. As a result, behavior sometimes changes during the final trials. This behavior was corroborated in a pilot run where subjects guessed the experiment was about to end (since the alloted ninety minutes were almost over). Similarly, in the first trials there is a process of learning about the situation and the other participants. A number of trials are required for the subject to familiarize himself with the procedures and learn about the general cooperativeness or competitiveness of his opponents.2 While there are cases where a market must be started or where a market is going to end, these cases are not of direct interest in this experiment. To control (at least crudely) for beginning and end effects, the first seven and last three trials were excluded from the analysis. The price choices seemed generally consistent and stable within each market over the included trials.
The equilibrium price and profit were taken to be the average (within a market) over trials 8 through 12. This average price, classified by the number of firms in the market and by the information state is displayed in Table III. 2. These data were analyzed for the speed with which they came to equilibrium. It was concluded that almost all of them had come to equilibrium by trial 8. Note that equilibrium is not taken to mean "static equilibrium" with market price settling to some level and staying there. Rather, the concept is one of a "stochastic equilibrium" with fluctuations about a mean price. Hypothesis I asserts that the equilibrium market price will be in the range between the points representing the noncooperative maximum and the cooperative maximum (18 to 23 cents here). Of the twenty-six markets, eighteen had average prices in this range. However, the deviants did not range more than 1.9 cents below the NCM in average price and so were well above pr. These deviations will be discussed at greater length in the next section.
Hypothesis 11 predicts that equilibrium prices and profits (per firm) will be directly related to the completeness of information and inversely related to the number of firms in the market. Table IV displays the price and profit averages within the several markets.3 Of the five pairwise comparisons in each table, only one is not in the predicted direction: the information effect for the fourfirm markets; the difference amounts to only .1 cents. Thus, the data are basically consistent with the hypothesis.
In testing for significance of difference in the means, a student t-test is not appropriate since the variances are not equal. However, using a generalization of the t-test 4 and a 95 per per cent significance level, all three pairwise comparisons involving N, the number of firms in the market, were found to be significant (both under conditions of complete and incomplete information).5 However, the effect of information was not found to be significant in any comparison. (The comparison across the two-firm market for 3. Actually there was a change in procedure between the markets with four firms and the one with sixteen firms. In the latter case it was decided not to record the fifteen "other prices" on the decision sheet of the firm; instead only the mean price was recorded. While this simplication means that the sixteen-firm market received less information than other markets, we do not feel this effect was very significant. 5. In comparing sixteen-firm with four-firm markets, we assumed the variances were equal since only a single observation was available for the former case. average profit indicated a t that would be exceeded less than .1 times by chance.) Hypothesis III asserts that the dispersion of equilibrium prices and profits (per firm) will be directly related to the amount of information and inversely related to N. Dispersion of market equilibria, under a given condition, might be measured by the variance of the population. The larger the variance, the greater is the dispersion. The sample variances are shown in Table V . Inspection of the table reveals that all four pairwise comparisons are in the hypothesized order. Using an F-test, no comparison with respect to N was found to be significant. (Both would have been significant at a 90 per cent level of significance.) In testing for difference with respect to information, the two-firm markets were significantly different, while the four-firm markets were not.
Hypothesis IV asserts that stability will increase as N becomes larger. Stability is measured by the variance (within a market) of average market price over periods 8 through 12. The smaller the variance, the greater the stability is said to be. As a crude summary, the mean of these variances is shown for each treatment in Table VI. Of the three possible pairwise comparisons across N (holding information constant), two are in the predicted direction. The exception occurs under full information for the comparison of two-firm and four-firm markets. The comparison indicates that the two-firm markets were more stable in their collusion.
The Wilcoxon-Mann-Whitney rank test was used to test the null hypothesis that one population is stochastically larger than another versus the hypothesis that the two populations are stochastically equal.6 The t-test is not appropriate here since the distribution of stability measures does not approach normality and the sample sizes are not sufficiently large to invoke large sample theory. Of the three pairwise comparisons across N (holding information constant), one was statistically significant (the comparison of twoand four-firm markets under incomplete information).
No hypothesis was offered as to the direction of effect of complete information. Both pairwise comparisons show that full information led to more stability than did incomplete information. The order of the data would tend to support the explanation of firms groping for more information about demand in the incomplete information markets.
VII. DISCUSSION
Ten of the twelve conjectured pairwise comparisons were in the predicted direction. However, only about half of these comparisons were statistically significant at conventional levels. Perhaps the primary reason for the lack of significance was the combination of small sample size and nonparametric tests: any comparison across the four firm markets had to rely on six and three observations, and any comparison involving the sixteen-firm market had only a single observation. This lack of significance might be used to make a more general point. In an experiment of this sort, the results must be viewed as suggestive rather than as a conclusive test of the hypotheses.
Eight of the markets had average prices below the NCM-CM range. One might conclude that these markets contained one or more rivalistic firms and tended toward the rivalistic point of p = 16. A second explanation is possible for the markets operating under incomplete information. Firms may have been groping for more understanding of the demand situation even at the end of the experiment. A third possible explanation is that the prices were in integer values and so the profit table did not always reflect precisely the structure of equation (4).
The third reason for prices below pn cannot be evaluated further. The second conjecture might be explored by noting that six of the deviants were provided with complete information. This fact seems to rule out the possibility that they were groping for information about the demand structure of the market. It seems likely that these six firms engaged in intensive bargaining, i.e., they were groping for information about rivals and attempting to give information about their own demands. Further support for this conjecture comes from an examination of the relation between number of firms in the market and speed of bargaining. We would expect that, as the number of firms in the market increased, the time taken to complete bargaining would increase. Five of the markets with prices below the NCM contained four firms and a sixth was the market with sixteen firms. (Of the eighteen markets with two firms, only two were below the NCM; of the nine markets with 4 firms, 5 were below the NCM; and the one market with 16 firms was below the NCM.) Apparently, it takes longer than seven trials to reach equilibrium in these markets.
Results of other experiments suggest directions in which these results might be generalized. Similar results have come from experiments with a population of business executives (used instead of college students). Equilibrium price levels have been found to be invariant to cues which serve as opening prices; markets which were opened at high price levels were found to reach the same equilibrium as markets opened at low price levels. Under incomplete information, equilibrium seemed to occur a number of trials later than under complete information.
In the experiment reported here, a small number of alternative prices (six) span the entire NCM-CM range. Real markets involve many more price choices.7 In other experiments, cooperation 7. Of course, such choice limitations might be encountered in real mar-has been shown to be more difficult to establish as the number of alternative price choices is increased.8 A greater range of alternative choices led to a greater variety of actions, which impeded cooperation.
Another dimension of interest concerns the effect of asymmetry between firms. In particular, price leadership behavior might be studied under varying conditions of firm dominance by establishing unequal market shares. Unequal cost conditions are also a possibility worth exploring. Firms could be differentiated with respect to either marginal or fixed costs.
VIII. SUMMARY AND CONCLUSIONS
Experimental oligopoly markets have been investigated here in a controlled setting modeled after a price-setters' oligopoly market. Special care was taken to minimize structural effects due to change in N, the number of firms in the industry, in order to separate structural from behavioral effects. A stronger conclusion may be drawn than that reported by Siegel and Fouraker: a decrease in the number of firms in a market produces less competition which cannot be attributed to differences in the structure of the profit functions. These results suggest that tacit collusion is possible and more likely to occur in an oligopoly market with a small number of firms.
All of the markets converged to prices in or just below the cooperative-noncooperative range. The number of firms in the market had a significant effect upon average profit and price under both information states. Although information did not affect mean price and profit significantly, it did have a significant effect upon the variances of price and profit, while N did not. Finally, stability increased as N decreased; and as information increased. Information seems to induce bargaining attempts that tend to result in price war or collusion. Thus, information is likely to increase the variability among markets, but should reduce the variability within one market over time.
